Abstract In recent years, the management of male factor infertility has undergone important changes with the introduction of novel concepts, advanced testing, and therapeutic interventions. This review highlights some of these changes and discusses their impact to routine clinical practice. First, we discuss the recent changes in the World Health Organization (WHO) laboratory methods and reference values for the examination of human semen. Second, we examine the role of sperm chromatin integrity tests in light of increasing evidence of the detrimental effect of sperm DNA fragmentation on reproductive outcomes. Third, we summarize the main findings of varicocele-related infertility and the outcomes of microsurgical varicocele repair to different case scenarios. Lastly, we critically discuss the current management of men with nonobstructive azoospermia seeking fertility and the new opportunities that emerged to help these men achieve biological fatherhood.
Introduction
Infertility affects nearly 10 to 15 % of men in their prime reproductive age [1] . Despite its multifactorial nature, male factor infertility is yet not fully understood and approximately half of the cases are deemed unexplained or idiopathic [2] . Investigation of the conditions that compromise male fertility is usually undertaken by history, physical examination, and semen analysis. During this investigation, special attention should be given to issues that have major implication for diagnosis and management, including semen analysis, varicocele, and azoospermia [1] .
In approximately 15 % of the cases, results of the conventional semen analysis do not reveal obvious abnormalities [3] . However, it has been shown that spermatozoa of infertile men have lower DNA integrity than fertile men [4] [5] [6] . This is important because genetic information passed on to the next generation depends on sperm DNA integrity [7] . Since several etiological factors have been implicated in the impairment of sperm DNA content, assessment of sperm DNA fragmentation (SDF) may offer an opportunity to better understand and treat such sperm dysfunctions [7, 8] .
Varicocele is considered the leading cause of male infertility as it can impair spermatogenesis through several distinct pathophysiological mechanisms [9] . Current evidence supports oxidative stress as the key element in the pathophysiology of varicocele-related infertility [10] . From the laboratory perspective, measurement of markers of oxidative stress, including SDF, can provide valuable information about the extent of oxidative stress and might guide therapeutic interventions [11] . From the clinical perspective, repair of varicocele has been advocated for alleviating oxidative stress-associated infertility, which may improve both natural fertility and assisted reproductive technology (ART) outcomes [12, 13] .
Among infertile men, 5 to 10 % present with nonobstructive azoospermia (NOA), a condition characterized by a lack of sperm in ejaculates due to spermatogenic failure [14] . Despite being invariably infertile, these men do not necessarily have an unattainable potential to initiate a pregnancy [15] . However, proper counseling and management of men with NOA represent a challenge for andrologists, urologists, and reproductive medicine specialists alike. Notwithstanding, advances in molecular biology testing, hormone therapy, and microsurgical sperm retrieval, as well as state-of-the-art in vitro fertilization (IVF) techniques, have offered revived hope for such men to achieve biological fatherhood (reviewed by Esteves [14] ).
This review highlights the aforementioned issues and discusses their impact to routine clinical practice. Our aim is to provide a useful guide for professionals involved in the health care of infertile males.
World Health Organization (WHO) laboratory methods for the examination of human semen: implications for practice
In 2010, the WHO introduced important changes to the methods for conducting and reporting results of routine semen analysis. The alterations specifically included assessments of (i) volume by weight rather than graduated pipette; (ii) motility by two categories, namely progressive and nonprogressive, in contrast with four categories in previous WHO manual editions; and (iii) morphology by strict criteria (Tygerberg criteria) as opposed to the WHO criteria in the previous manuals [16, 17] . The reason for changing the volume measurements relied on the observations that aspirating semen with a serological pipette underestimates the volume by approximately 0.5 mL (range 0.3-0.8 mL) compared with weighing [18, 19] . In another study, the use of serological pipettes decreased the Btrue^volume estimation by approximately 17 % compared with weight, thus influencing the total sperm count [20] . Along the same lines, changes in the methods for assessing sperm motility were aimed to decrease interobserver subjectivity, whereas the adoption of the strict criteria for sperm morphology analysis is in line with the low percentage of spermatozoa classified as normal in the cervical mucus [21, 22] .
Furthermore, the WHO introduced the first semen criteria based on a population-based study of recent fathers with timeto-pregnancy (TTP) of 1 year or less [23] . Data from nearly 1900 men was obtained to generate percentile distributions for semen volume, and sperm count, motility, vitality, and morphology. The fifth centile was established as the lower cutoff limits for normality, making the reference values markedly lower than those previously considered to be consistent with normal male fertility as reported in the previous manual (Table 1) . Interestingly, recent studies evaluating the impact of these changes noted that approximately 15 % of patients would have their semen analysis results reclassified as within normal ranges had the 2010 WHO reference values been adopted [24] . On the other hand, it seems unquestionable that WHO manuals will remain widely used for laboratory examination of human semen as they have been since 1980. It has been therefore suggested that caution should be exercised to interpret a semen analysis in view of the new changes. Issues related to the new format of data generation and semen analysis methods might explain the lower cutoff limits [17, 22] .
To illustrate the importance of semen analysis in the management of male factor infertility, the most influential male infertility guidelines, including those issued by the American [25] . However, different interpretations may be expected with regard to the degree of abnormality depending on the manual version adopted, with obvious implications for counseling, diagnosis, and management of men seeking fertility evaluation. In a recent meta-analysis, we examined the impact of the WHO criteria for semen analysis in infertile men with clinical varicocele [26] . This is important because current varicocele guidelines recommend treatment only when the palpable varicocele is accompanied by abnormal semen parameters [27] . For example, affected men deemed eligible for treatment might be considered ineligible depending on which WHO criteria is applied. But 28, −10.07; P < 0.001) but also that the magnitude of size effect was not significantly influenced by the WHO laboratory manual edition used for semen analysis [26] . This means that the application of the new WHO criteria is unlikely to have a significant impact on the indication for varicocele repair.
In another systematic review and meta-analysis comprising 5865 men, we examined the impact of the WHO criteria when evaluating the semen quality of smokers and nonsmokers [28] . We found that cigarette smoking was unequivocally associated with reduced sperm count and motility and that deterioration of semen quality was associated with moderate and heavy smoking. Furthermore, the latest WHO laboratory methods for the examination of human semen had only minimal impact on the magnitude of effect size with regard to the aforementioned semen parameters, thus reassuring the observed negative effect of smoking on semen quality irrespective of the WHO manual used for semen assessment [28] . Notwithstanding, adoption of 2010 WHO manual impacted the evaluation of sperm morphology and resulted in a loss of perception of the negative effects of smoking on this important parameter.
In conclusion, although it seems logical to adopt the latest (fifth edition) WHO laboratory methods for the evaluation of human semen, a careful examination of its characteristics and limitations is advisable. Importantly, clinicians should not expect an analysis of the widely ranging parameters of the whole ejaculate to give robust discriminatory information of the male fertility potential.
Sperm DNA fragmentation testing and clinical implications for male factor infertility Despite being the parameters most frequently utilized in clinical settings, sperm count, motility, and morphology may not be the best predictors of a given man fertility potential as they do not necessarily associate with the presence of immature sperm chromatin or fragmented DNA [3, 17, 29] . Perhaps the major problem is that impaired sperm chromatin is found not only in men with abnormal semen parameters [30] but also in those exhibiting semen analysis within normal ranges [31] . SDF may originate from the testis and excurrent duct system. Abortive apoptosis and defective protamination theories are proposed to explain the generation of DNA fragmentation within the testis. However, oxidative stress affecting sperm during transit through the epididymis and after ejaculation is the major cause of SDF outside the testis [32] . Several etiological factors have been implicated in the impairment of sperm DNA integrity, including cigarette smoking, radiation, chemotherapy, leukocytospermia, varicocele, cancer, obesity, and advanced paternal age [10, 29, 30, 32] .
Reduced fertility rates have been reported in cases of high SDF [33] . Impaired embryo development [34] , compromised integrity of the embryonic genome [35] , and increased rates of miscarriage [36, 37] have also been associated with high sperm DNA damage. Collectively, increasing evidence suggests a negative impact of high SDF to natural conception and pregnancy outcomes in IVF and intracytoplasmic sperm injection (ICSI) cycles (reviewed by Esteves et al. [8] ). In this context, the evaluation of SDF in addition to conventional semen analysis would be ideal as it evaluates an independent attribute of sperm quality [29] .
Several tests have been introduced to measure the sperm DNA damage [reviewed by Esteves et al. [8] and Majzoub et al. [11] ). The most commonly used are the terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL), sperm chromatin dispersion test (SCD), and the sperm chromatin structure assay (SCSA). These tests measure different expressions of sperm DNA damage; hence, results are not necessarily interchangeable [8] . SCSA requires expensive equipment such as the flow cytometer; therefore, samples are usually sent to a central laboratory. Unlike SCSA, TUNEL and SCD are advantageous because they require less costly equipment and can be performed in-house [38] . In a previous study, we compared SDF rates measured by SCD and TUNEL assays in men with unexplained infertility [38] . The SCD method is a two specific step process, namely, (i) controlled DNA denaturation and (ii) controlled protamine depletion, which measures the susceptibility of DNA to denaturation [39] . In contrast, TUNEL measures Btrue^single-and double-stranded DNA fragmentation by incorporating modified nucleotides into the site of damage [40] . We found that SCD was more sensitive, easier, and quicker to perform than TUNEL, but results obtained by these methods were not comparable (r = 0.29) [38] . Notwithstanding, it has been recently reported that the TUNEL assay can be performed with a modified protocol using bench top flow cytometer that allows accurate and quick measurement of DNA damage in a large number of samples [40] . At present, however, consensus has not been reached as to which test should be considered the gold standard for SDF measurement. Possible solutions would involve standardization, validation, interpretation of results, and establishment of reference ranges among the several methods available.
Clinical utility
We have advocated the routine use of SDF testing in the clinical evaluation of male factor infertility [8, 11, 29, 32, 38] . In our settings, the improved SCD test is our preferred approach and cutoff levels of 30 % are used to discriminate specimens with normal and abnormal results [41] . Importantly, we ask our patients to abstain from ejaculation for a fixed period 1-2 days before semen collection due to the influence of longer abstinence periods on SDF results [42] . Test results may provide diagnostic and prognostic information complementary to, but distinct from routine semen analysis, and are useful to guide management and monitoring intervention outcomes [8, 29] . Despite recognizing that our position on SDF as an integral part of semen analysis is debatable, the Practice Committee of the ASRM has recently conceded that determining the values of SDF may be clinically informative for intrauterine insemination (IUI) or IVF and ICSI outcomes [43] . The importance of sperm DNA fragmentation testing in various case scenarios is discussed below.
Varicocele
Among several male infertility factors, varicocele-a common medical condition found in about 15 % of the general male population and 40 % of infertile counterparts-has been shown to compromise sperm DNA quality [11, 30] . The underlying mechanism is the increased oxidative stress which has been implicated as a central element in the pathophysiology of varicocele [10, 44, 45] . Reactive oxygen species (ROS) can cause damage to both nuclear and mitochondrial DNA, which may lead to base modification, strand breaks, and chromatin cross-links [32] . Moreover, increased oxidative stress can trigger an apoptosis-like process affecting sperm maturation and nuclear protamination [10] . In a multicenter study involving 593 infertile men attending infertility clinics, we observed that SDF rates were increased in all etiology categories and were higher than those of fertile controls [30] . Interestingly, both men with varicocele (35.7 ± 18.3 %) and those with leukocytospermia (41.7 ± 17.6 %) exhibited the highest SDF rates. Notably, a subpopulation of sperm exhibiting massive DNA damage (termed Bdegraded sperm^) was more prevalent in men with clinical varicocele (P < 0.001). A sperm DNA degradation index (DDSi) of 0.33 or greater identified men with clinical varicocele with 94 % accuracy. The DDSi represented the proportion of sperm with degraded DNA in the whole population with fragmented DNA. Our data shows that determining the proportion of degraded sperm, as a function of the whole population of spermatozoa exhibiting fragmented DNA, may be useful to identify subjects with varicocele [30] .
Repair of clinical varicocele has been shown to reduce SDF. This decrease is usually observed 3 months after varicocelectomy [46, 47] . A meta-analysis involving 177 patients summarized the evidence regarding the effects of varicocelectomy on SDF rates [48] . The authors found a 3.4 % reduction (95 % CI 4.1 to 2.7; P < 0.00001) in SDF rates after varicocele repair. Due to the low magnitude of effect size and heterogeneity in the methods for assessing SDF, a final response to the clinical significance of varicocele treatment on SDF will require further well-designed studies taking into count the SDF method, varicocele grade, and fertility outcomes. Notwithstanding, we have examined the impact of repairing clinical varicoceles in a group of infertile men with severe male factor infertility undergoing ICSI [50] . Eighty patients were subjected to subinguinal microsurgical varicocelectomy prior to ICSI and 162 had ICSI with untreated varicocele. In this study, the chance of achieving clinical pregnancy (OR = 1.82; 95 % CI 1.06-3.15) and live birth (OR = 1.87, 95 % CI 1.08-3.25) was significantly increased while the chance of miscarriage was decreased (OR = 0.433, 95 % CI 0.22-0.84) had the varicocele been treated. Our results were recently corroborated by a recent meta-analysis involving 870 patients which showed that the clinical pregnancy rates (OR = 1.59; 95 % CI 1.19-2.12) and live birth rates (OR = 2.17; 95 % CI 1.55-3.06) were increased in the varicocelectomy group compared to the group subjected to ICSI without previous varicocelectomy [13] . It is hypothesized that improvements in sperm function, including sperm chromatin integrity, would be a plausible explanation for the observed beneficial effect of prior varicocelectomy on ICSI outcomes.
Assisted reproductive technology
The literature is rich in studies examining the relationship between SDF and pregnancy rates after IUI, IVF, and ICSI. It has been shown that SDF rates higher than 30 % by SCSA are associated with decreased delivery rates after IUI (OR = 9.9; 95 % CI 2.37 to 41.51) [50] . Similarly, IUI with greater than 12 % TUNELpositive sperm is unlikely to result in a live birth [51] . As far as IVF and ICSI are concerned, a recent meta-analysis evaluating nine IVF and five ICSI studies showed that the odds of clinical pregnancy in IVF were higher (OR = 1.742, 95 % CI 1.38 to 2.19) when SDF was below 27 %, but results did not differ when ICSI was used (OR = 0.895, 95 % CI 0.629 to 1.273) [52] . The association between SDF and live birth rates was also examined in a contemporary study pooling six observational studies and 998 couples. Couples whose male partners had lower SDF achieved higher live birth rates after both IVF (relative risk 1.27; 95 % CI 1.05 to 1.52) and ICSI (relative risk 1.11; 95 % CI 1.00, 1.23), but the magnitude of effect size was more pronounced for IVF, thus suggesting that ICSI is preferable as an ART modality in cases involving high SDF [53] .
Several strategies have been attempted to overcome SDF in couples subjected to ART. In addition to varicocele repair, oral antioxidant intake, short ejaculatory abstinence, and sperm selection techniques have been used. Oral antioxidants were shown to reduce SDF by approximately 14 % (95 % CI 13.8 to 17.7) [54] , but the ideal regimen and duration are still to be determined. SDF also varies as a function of ejaculatory abstinence. Daily ejaculations over a 2-week period were shown to decrease SDF by 27 % (P = 0.03) [55] . In a recent study involving healthy normozoospermic men, we assessed SDF using the flow cytometry TUNEL assay after varying ejaculatory abstinence periods in the same men [42] . Short abstinence (1 day) yielded the least amount of SDF (mean 9.9 %; 95 % CI 6.6-13.2 ) compared to the WHO recommended period of 2 to 7 days (mean 12.8 %, 95 % CI 9.3-16.3; P = 0.02) and longer periods of >7 days (mean 17.8 %, 95 % CI 13.3-22.3 %; P = 0.007). This may be due to epididymal stasis that is kept at a minimum by short abstinence, thus decreasing the exposure to oxidative stress. Regarding the use of sperm selection techniques to deselect sperm with DNA damage for ICSI, a variable reduction in the proportion of SDF in the processed specimen is noted after sperm selection using density centrifugation (22 to 44 % relative reduction) [56] , hyaluronic acid binding [57] , sperm magnetic sorting [58] , and ultra-high magnification sperm selection [59] . However, the clinical validity of the aforementioned methods to bypass the detrimental effect of SDF on ART outcomes is still unclear.
Another attempted strategy has been the use of testicular sperm for ICSI due to the tendency of testicular sperm to have better DNA quality than ejaculated counterparts. In one study involving 18 patients, SDF assessed by TUNEL was lower in the testicle (4.8 ± 3.6 %) than in the ejaculate (23.6 ± 5.1 %; P < 0.001), and pregnancy rates by ICSI favored testicular sperm (44.4 vs. 6 %; P < 0.05) [60] . Using the same method, Moskovtsev et al. studied 12 men and found that the SDF was 3-fold higher in the ejaculate than in the testis (39.7 ± 14.8 % vs. 13.3 ± 7.3 %; P < 0.001) [61] . To shed light onto this matter, we recently conducted a prospective comparative study involving 172 couples undergoing ICSI in which the male partners had idiopathic oligozoospermia and high SDF despite taking oral antioxidant for at least 3 months [41] . Sperm injections were carried out with ejaculated sperm (EJA-ICSI; n = 91) or testicular sperm (TESTI-ICSI; n = 81) retrieved by either testicular sperm extraction (TESE) or testicular sperm aspiration (TESA). SDF levels were reassessed on the day of oocyte retrieval using a variant of the SCD test that combines a dual fluorescent cocktail probe to discriminate somatic cells from spermatozoa ( Fig. 1) . We found that SDF was 5-fold lower in testicular sperm compared with ejaculated sperm (40.7 ± 9.9 vs. 8.3 ± 5.3 %; P < 0.001). Moreover, the use of testicular sperm for ICSI was associated with significantly better outcomes (Fig. 2) . For the TESTI-ICSI group versus the EJA-ICSI group, respectively, the live birth rates were 46.7 and 26.4 % (P = 0.007), with a relative risk of 1.76 (95 % CI 1.15 to 2.70) favoring testicular sperm. And miscarriage rates were 3-fold lower in the TESTI-ICSI group (10.0 % versus 34.3 %; P = 0.012), with a relative risk of 0.29 (95 % CI: 0.10 -0.82) favoring testicular sperm. Importantly, clinical pregnancy rates were not statistically different between the two groups (51.9 vs. 40.2 %) therefore indicating that this parameter may not be a valid outcome measure in SDF studies evaluating pregnancy rates [41] . Specifically, the risk of miscarriage after ART in couples whose male partners have high SDF has been recently highlighted in recent meta-analyses [36, 37, 62] . The odds for pregnancy loss were 2.2× (95 % CI 1.54 to 3.03) and 2.5× (95 % CI 1.52 to 4.04) higher in couples whose male partners had high SDF than counterparts with normal SDF [36, 37] .
Collectively, emerging evidence indicates that SDF tests provide valuable information to both diagnosis and management of male factor infertility. Testing may be recommended at initial workup to all men but those with azoospermia and severe oligozoospermia in whom the method may not be feasible. Abnormal testing results identify men in whom SDF is a contributory factor to infertility. SDF tests can be used to monitor results of interventions and to select the best ART strategy, as depicted in Fig. 3 .
Novel concepts in the management of infertile men with nonobstructive azoospermia
Nonobstructive azoospermia is a serious type of male factor infertility, affecting approximately 1 % of all men and 10 to 15 % of infertile males [14, 63] . Despite being untreatable and resulting from a spectrum of testicular disorders, approximately 50 % of men with NOA have sparse foci of sperm production within their dysfunctional testes, which can be extracted and used for ICSI [64] . From a clinical perspective, we propose that the management of infertile men with NOA should take into account the (i) differential diagnosis of azoospermia, (ii) selection of the eligible patients for sperm retrieval using molecular biology diagnosis, (iii) identification of the affected men that might benefit of interventions prior to sperm retrieval, (iv) application of the best method to surgically retrieve testicular spermatozoa, and (v) use of state-of-the-art IVF techniques ( Fig. 4; Table 2 ) [14] . A coordinated multidisciplinary effort involving infertility specialists, including urologists/andrologists, reproductive endocrinologists, geneticists, and embryologists, will offer the best possible chance of biological offspring for men with NOA as discussed below.
Differential diagnosis
Information obtained from the medical history, physical examination, and hormone analysis provides >90 % accuracy to Fig. 2 Clinical pregnancy, miscarriage, and live birth rates after sperm injections using either ejaculated sperm (EJA-ICSI; n = 91) or testicular sperm retrieved by TESE or TESA (TESTI-ICSI; n = 81) cohorts. Adapted with permission from Esteves et al. [41] determine the type of azoospermia (obstructive vs. nonobstructive) [65] . Etiology conditions associated with NOA include congenital and genetic abnormalities, endocrine disorders, exposure to gonadotoxins, postinfectious, varicocele, trauma, and idiopathic [63] . Unlike NOA, obstructive azoospermia (OA) is attributed to a mechanical blockage along the reproductive tract and is associated with a favorable prognosis since spermatogenesis is intact [66] . Although a rare entity, it is equally important is to identify those men with azoospermia due to hypogonadotropic hypogonadism (HH). HH is an endocrine disorder characterized by failure of sperm production due to the lack of appropriate stimulation by gonadotropins (reviewed by Fraietta et al. [67] ).
Men with NOA usually have normal epididymides and palpable vasa. Small-sized testes (<15 mL) are otherwise encountered since about 85 % of testicular parenchyma is involved in spermatogenesis [1, 14] . However, testicular volume is often normal in men with spermatogenic maturation arrest, a condition characterized by a lack of mature spermatozoa despite the presence of normal numbers of germ cells [68] . The serum levels of follicle-stimulating hormone (FSH) are usually elevated while low testosterone levels (<300 ng/ dL) are found in approximately 50 % of the affected men [69] . Abnormal testosterone levels reflect Leydig cell insufficiency, which is usually accompanied by elevated luteinizing hormone (LH) levels [69] . Fig. 4 Step-by-step approach in the clinical management of men with nonobstructive azoospermia seeking fertility (adapted with permission from Esteves [14] )
Ejaculates of men with NOA usually have normal volume and pH, which indicates patent ejaculatory ducts and functional seminal vesicles [1] . It is important that such specimens are examined after high-speed (>1000g) centrifugation to exclude the presence of rare spermatozoa [70] . The finding of any spermatozoa may offer the chance of ART to be performed with ICSI intracytoplasmic sperm injection, micro-TESE microdissection testicular sperm extraction, NOA nonobstructive azoospermia, OA obstructive azoospermia, PCR polymerase chain reaction, SR sperm retrieval, T/E testosterone to estradiol ratio (T and E units of measurement: ng/dL and pg/ mL, respectively), TESE testicular sperm extraction, TT total testosterone ejaculated sperm, thus avoiding sperm retrieval (SR) methods. We perform centrifugation at 3000g for 15 min, which is followed by a careful examination of the pellet semen [14] . Equally important is the examination of multiple specimens and in several occasions as azoospermia may be transient due to conditions such as fever and use of medication [71] . The gold-standard test for the confirmation of NOA is testicular histopathology analysis [65] . Hypospermatogenesis, germ cell maturation arrest, germ cell aplasia (Sertoli cellonly syndrome, SCO), tubular sclerosis, or a combination of those, are the common phenotypes. Histopathology results may also predict sperm retrieval outcome. Evaluating 356 men with NOA, we found that patients with SCO had lower SR rates (19.5 %) than those with maturation arrest (40.3 %; P = 0.007) [72] . Both aforementioned groups had lower SR rates than the group with hypospermatogenesis (SR = 100.0 %; P < 0.001). However, testicular biopsies carried out with the sole purpose of histopathology evaluation could remove the rare foci of sperm production and thus jeopardize the chances of future retrieval attempts [72] . Hence, we only perform diagnostic testicular biopsies when the type of azoospermia is equivocal. In such cases, a specimen is taken for wet examination in addition to conventional histopathology analysis. We routinely cryopreserve testicular spermatozoa when mature spermatozoa are found on wet specimens [73] .
Prognostic factors for sperm retrieval success
The uncertainty of sperm acquisition in NOA makes prognostic factors very desirable. However, etiology of NOA, testicular volume, endocrine profile, and testicular histopathology reflect only the global spermatogenic function. Overall, these factors are not useful to predict SR success [72, [74] [75] [76] .
On the other hand, it has been estimated that 10 % of men with NOA harbor microdeletions within the long arm of the Y chromosome, which clusters the genes involved in spermatogenesis regulation [77] [78] [79] . The application of molecular technology has allowed the recognition of three AZF subregions, namely AZFa, AZFb, and AZFc, each one including a major candidate gene [79] (Fig. 5) . Deletions differentially affecting these AZF subregions cause a distinct disruption of germ cell development. AZFa deletions affecting the entire AZFa are invariably associated with complete absence of spermatogenesis. AZFb and AZFbc deletions are similar to AZFa deletions, thus meaning that SR success is virtually nil (reviewed by Krausz et al. [79] ). In contrast, AZFc deletions are often associated with residual spermatogenesis and the SR success varies from 50 to 70 % [77] [78] [79] [80] . Notwithstanding, the male offspring originated from fathers with AZFc microdeletions will inherit the Y chromosome microdeletion and as a result infertility [81] . However, there is a potential risk for the 45,X0 karyotype and to the mosaic 45,X0/ 46,XY in the offspring, which may lead to spontaneous abortion and genital ambiguity [82] [83] [84] . Genetic counseling is, therefore, essential to give information about the risks of conceiving a son with infertility and other genetic abnormalities. To sum up, NOA candidates for SR and ICSI should be screened for Y chromosome microdeletions since diagnosing a deletion has prognostic value and influence the therapeutic options. Sperm retrieval is not recommended to men with complete deletions involving the AZFa and/or AZFb regions. Lastly, genetic counseling should be offered to the patients with AZFc deletions because such deletions will be invariably transmit from father to son.
The role of interventions prior to sperm retrieval

Medical therapy
Although it is generally believed that therapy is ineffective in NOA due to the already high levels of serum gonadotropins, the effect of interventions has been revisited in light of recent findings suggesting that enhancing intratesticular testosterone (ITT) production might stimulate residual spermatogenesis [85, 86] . Drugs that have been utilized include clomiphene citrate, gonadotropins (human chorionic gonadotropin and FSH), and aromatase inhibitors (reviewed by Esteves [14] and Kumar [87] ).
Among these, our preference has been hCG that specifically binds to LH receptors at the Leydig cell level and boost ITT production [14] . In one study involving 20 men with NOA treated with hCG, ITT levels were significantly higher after treatment (pre 273.6 ± 134.4; post 1348.1 ± 505.4 ng/mL; P < 0.0001) [88] . Concomitantly, endogenous FSH levels are suppressed in half of the individuals subjected to hCG treatment through a negative feedback mechanism of elevated serum testosterone [89] . Such an effect seems beneficial to upregulate the expression of FSH receptors that may increase Sertoli cell function [89] .
In a study involving 442 NOA men subjected to medical therapy (clomiphene citrate and hCG) prior to SR, the authors aimed at achieving 600 to 800 ng/dL posttreatment serum testosterone [90] . In this study, significantly higher retrieval rates were obtained in the group of patients achieving the desired hormonal level postmedical therapy (57 vs. 33.6 %). On the other hand, others have found no beneficial effect of aromatase inhibitors, clomiphene citrate, and hCG with regard to sperm retrieval success [91] . Notwithstanding, it has been hypothesized that hCG may be beneficial in NOA as it stimulates spermiogenesis and spermatogonia DNA synthesis, provided residual areas of complete or incomplete spermatogenesis exist [88] . These effects might result in the formation of well-differentiated seminiferous tubules that could be detected during sperm retrieval [89] .
Varicocele repair
Varicocele is found in approximately 5 % of men with NOA [44, 92] . Whereas it is debatable whether varicocele is merely coincidental or contributory to spermatogenesis disruption, surgical repair of clinical varicoceles has been carried out in an attempt to improve sperm production in such men [92, 93] .
In a recent systematic review aimed at evaluating the benefit of repairing clinical varicocele in infertile men with NOA, 18 studies accounting for 468 patients were included [94] . Among these, 16 noncontrolled studies including a total of 344 men reported postoperative semen analysis results after varicocele repair. In 43.9 % of these patients (range 20.8-55.0 %), spermatozoa were found in postoperative ejaculates. The postoperative sperm count and motility were 1.82 million/ mL (95 % CI 0.98-2.77) and 22.9 % (95 % CI 12.5-33.2 %), respectively. Whereas varicocele grade did not appear to have influenced the results, the appearance of sperm in postoperative ejaculates was associated with testicular histopathology findings (9.7 % in SCO, 35.3 % in maturation arrest, and 56.2 % in hypospermatogenesis). Overall, the odds for sperm in the ejaculate were 2.35 (95 % CI 1.04-5.29; P = 0.04) and 12.0 (95 % CI 4.34-33.17; P < 0.001) when patients with hypospermatogenesis (HS) were compared to those with maturation arrest (MA) and SCO, respectively, and 5.09 (95 % CI 1.83-14.10; P = 0.001) favoring MA over SCO. The reported pregnancy rate (natural conception and ART) in this subgroup of men was 26.1 % [94] .
In this aforementioned study, three controlled studies specifically evaluated sperm retrieval outcomes in men with varicocele and NOA. Sperm retrieval success was significantly higher in the group of men who had the varicocele treated than those with untreated varicocele (OR 2.65; 95 % CI 1.69-4.14; P < 0.0001). Despite achieving higher pregnancy rates by ICSI with the use of testicular sperm, results favoring the varicocele repair group were only marginally significant (OR for clinical pregnancy 2.07, 95 % CI 0.92-4.65; P = 0.08; OR for live birth 2.19, 95 % CI 0.99-4.83; P = 0.05) [94] . Overall, our findings indicate that repair of palpable varicoceles increases sperm retrieval success in NOA. Added to this, approximately 44 % of the treated men will have enough sperm in the ejaculate to avoid sperm retrieval. But given the low/moderate quality of the evidence, it is advisable that doctors discuss with their patients the risks and benefits of the intervention.
Sperm retrieval method in NOA
Sperm retrieval in NOA is aimed at offering the highest possible chance of harvesting sperm, which can be used fresh for ICSI or cryopreserved. Retrieval methods should also minimize testicular damage thus preserving androgen production and the possibility of repeat SR [95] .
Two recent systematic reviews have examined SR success as a function of the surgical retrieval method. In one report involving seven comparative studies and 1062 patients, microdissection testicular sperm extraction (micro-TESE) yielded higher SR success rates (42.9 to 63 %) than conventional TESE (16.7 to 45 %) [96] . In another study, 15 studies with a total of 1890 patients were included. Micro-TESE was compared with conventional TESE and percutaneous TESA. Micro-TESE was 1.5 times more likely (95 % CI 1.4-1.6) to result in SR success than TESE. Furthermore, TESE was 2.0 times more likely (95 % CI 1.8-2.2) to result in SR success than TESA [97] .
Our experience with micro-TESE has also been reassuring [98] . The method rescues approximately one third of the cases that failed in previous non-microsurgical retrieval attempts and is particularly useful for men with NOA presenting the worst-case scenarios [99, 100] . The lower tissue extraction lessens testicular damage and facilitates laboratory processing and sperm search thus increasing efficiency [74, 98, 101, 102] (Fig. 6) . In a study involving 356 patients with NOA subjected to micro-TESE, SR success according to histopathology characteristics of hypospermatogenesis, maturation arrest, and SCO was 100, 40.3, and 19.5 %, respectively [72] .
Role of IVF laboratory
After sperm retrieval, the testicular tissue is immediately transferred to the IVF laboratory for processing. Special care is needed during handling because such spermatozoa are more fragile than ejaculated counterparts [102] . Furthermore, sperm DNA fragmentation and aneuploidy rates are higher in testicular sperm obtained from men with NOA than ejaculated sperm from infertile men with other etiology categories [103, 104] . As a result, lower fertilization, embryo development as well as pregnancy rates have been achieved when the gametes retrieved from men with NOA are used for ICSI [100, 105, 106] .
The extraction of low amounts of tissue by micro-TESE is advantageous as it makes it easier and quicker to handle the specimens [101] . On the other hand, processing large testicular tissue fragments as routinely extracted by conventional TESE is extremely labor-intensive and may miss the rare spermatozoa in the sea of cells and noncellular elements. Testicular tissue preparation techniques include mechanical mincing and enzymatic digestion with collagenase. These methods ensure tubular wall breakdown and cellular content loss [102, 107, 108] . After the proper disintegration of the seminiferous tubules, specimens are processed to eliminate surplus tissue elements and red blood cells [102, 109] . Lastly, Petri dishes are prepared with a series of microdroplets of sperm culture medium covered with mineral oil to which aliquots of processed testicular tissue are loaded. Meticulous examination of the specimens allows identification and isolation of testicular sperm [102] . This final step is carried out in the ICSI workstation. Throughout these processes, temperature and pH of working solutions should be kept constant, and state-of-the-art laboratory practices, including sterile techniques and control of air quality conditions, are important to ensure efficiency and safety [102, 110] . In our center, sperm retrieval and micromanipulation of testicular sperm, which includes tissue processing, sperm injection, embryo culture, embryo transfer, and cryopreservation, are carried out in controlled environments [111] [112] [113] .
Sperm retrieval can be either coordinated with oocyte collection to allow ICSI to be carried out with fresh sperm or performed to intentionally cryopreserve testicular sperm for future use. In the former, cryopreservation of surplus testicular sperm is highly recommended, as NOA patients often require more than one ICSI attempt until a pregnancy is established but repeat retrievals are not always possible. At present, we cryopreserve testicular sperm using the Cell Sleeper method [114] . Cell Sleepers are nonbiological closed devices in which a few spermatozoa can be frozen in microdroplets (Fig. 7) . The method involves rapid freezing and has shown to be reliable for freezing surgically retrieved testicular sperm [114, 115] . In a recent case series including 12 ICSI cycles, six of which involved sperm retrieval by micro-TESE in NOA patients, spermatozoa frozen in Cell Sleepers were used for sperm injections. Overall, the postthaw sperm recovery rate and motility were 94 and 55.8 %, respectively. In this study, the 2PN fertilization rate was 65.9 % whereas the clinical pregnancy rate was 60 % [115] .
Motility stimulants (e.g., pentoxifylline) and other methods to select viable sperm (e.g., hypoosmotic swelling test and sperm tail flexibility test) are utilized when only immotile sperm (fresh or cryo-thawed) are available for microinjection (reviewed by Esteves and Varghese [102] ).
ART outcomes
Overall, ICSI outcomes using testicular sperm extracted from men with NOA are lower than both ejaculated counterparts and obstructive azoospermia [100, 106, 116] . It appears that such cells have a higher tendency to carry deficiencies related to the centrioles and genetic material, which ultimately affect their capability to activate the oocytes and trigger the development of a viable embryo [103, 104] .
In an early series involving 330 patients with different infertility conditions including 53 azoospermic men with NOA, we evaluated ICSI outcomes according to the source of spermatozoa and the type of azoospermia [106] . We noted that the 2PN fertilization rates were significantly lower when testicular sperm of men with NOA were compared to both ejaculated sperm, and testicular/epididymal sperm of men with OA (52.2, 71.1, and 73.6 % in NOA, ejaculated sperm, and OA, respectively; P < 0.05). Embryo development and pregnancy rates are also negatively affected by NOA [106] . In two recent series involving a larger cohort of azoospermic men with NOA, we analyzed the health of offspring according to the source of sperm and the type of azoospermia. In one study, 182 women were subjected to ICSI using sperm from partners with NOA, and their outcomes were compared with 182 and 465 women whose partners had obstructive azoospermia and other forms of nonazoospermia infertility, respectively [100] . Live birth rates after ICSI were significantly lower in the NOA group (21.4 %) compared with the OA (37.5 %) and ejaculated sperm (32.3 %) groups (P = 0.003). A total of 326 deliveries resulted in 427 babies born. Overall, differences were not observed in gestational age, preterm birth, birth weight, and low birth weight. In another series, we compared 365 men with NOA subjected to micro-TESE and ICSI with their own sperm to 40 men with NOA who used donor sperm for ICSI due to failed retrievals [106] . Both groups were compared to a group of 146 men with OA subjected to percutaneous sperm retrieval and ICSI with their own sperm. The overall SR success rate in NOA was 41.4 %, but the results were lower than those of the OA group (100 %; adjusted OR 0.033; 95 % CI 0.007-0.164; P < 0.001). Live birth rates were also lower in the NOA group subjected to ICSI with own testicular sperm (19.9 %) than the group that used donor sperm (37.5 %; adjusted OR 0.377 (95 % CI 0.233-0.609; P < 0.001)) and obstructive azoospermia (34.2 %; adjusted OR 0.403 (95 % CI 0.241-0.676; P = 0.001)). Neither miscarriage rates nor the newborn Fig. 6 Microdissection testicular sperm extraction (micro-TESE). The flowchart illustrates the consecutive steps from the microsurgical procedure to the laboratory processing of testicular specimens. The rationale of micro-TESE is to identify focal areas of sperm production within the testes, based on the size and appearance of the seminiferous tubules, with the aid of the operating microscope (A). A large incision is made in an avascular area of the tunica albuginea and the testicular parenchyma is widely exposed (B). The parenchyma is then dissected at ×16 to ×25 magnification to enable the search and isolation of seminiferous tubules exhibiting larger diameter in comparison with nonenlarged or collapsed counterparts (C). These enlarged tubules are more likely to contain germ cells and eventually normal sperm production. Microsurgical-guided biopsies are performed by carefully removing such tubules, which are sent to the laboratory for examination (D). The minimal tissue extracted facilitates laboratory processing and sperm search thus increasing the process efficiency (E). The initial laboratory step involves mechanical mincing of the seminiferous tubules and examination of specimens for sperm identification (F). The use of optical magnification also reduces the chances of vascular injury by proper identification of testicular blood supply, thus reducing the chances of hematoma formation and testicular devascularization parameters (gestational age, birth weight, malformation rate, perinatal mortality) of infants conceived significantly differed among the groups. Although the health of resulting offspring after ICSI using sperm of men with NOA has been reassuring, only a few studies to date have evaluated the neonatal profile of such babies [100, 106, 117, 118] . On the contrary, studies on the physical, neurological, and developmental outcomes of children conceived are warranted.
NOA: a glance toward the future
Aspermatogenesis is defined as a severe impairment of spermatogenesis in which germ cells are either lacking or present only in immature forms. This extreme type of male infertility affects approximately 25-45 % of patients with NOA [119] . In such cases, in vitro fertilization with immature germ cells and in vitro culture of these cells have been attempted. However, ICSI with immature germ cells has yielded conflicting results, and despite the reported deliveries of healthy offspring, the method has extremely low efficiency as currently used [120] . Furthermore, concerns related to the potential transmission of genomically imprinted disorders raise doubt about the safety of these procedures [121] .
Since ART requires mature germ cells, research efforts are now focused on the differentiation of immature germ cells and production/derivation of sperm from somatic cells. Breakthrough advancements have been accomplished by using stem cells from mouse embryos to create primordial germ cells, which differentiated in spermatozoa after transplantation to mice testis [122] . In humans, the formation of human haploid-like cells was obtained from pluripotent stem cells of somatic origin using the technique of in vitro sperm derivation. Spermatogonial stem cell (SCC) is another venue for both reproductive and regenerative medicine [123] . These cells have unlimited potentials including pluripotency, selfrenewal, differentiation, and transdifferentiation [126] . However, many issues have to be clarified, including the dedifferentiation and transdifferentiation mechanisms, optimal induction protocols, and origin of the embryonic stem-like cells. At present, the production of human gametes in the laboratory is yet to be fully translated to the bedside [119] .
Conclusions
The following list summarizes the clinical and laboratory concepts in male factor infertility discussed in this review.
1. Semen analysis remains the cornerstone of infertility evaluation as it provides information on the status of the epididymis, seminiferous tubules, and accessory sex glands. The adoption of the latest (fifth edition) WHO laboratory methods for the evaluation of human semen calls for a careful examination of Furthermore, treatment of clinical varicoceles may improve both natural fertility and ART outcomes. 4. Nonobstructive azoospermia is the most severe presentation of male infertility. The optimal management of infertile men with NOA involves a series of steps that includes: (i) differential diagnosis of azoospermia, (ii) selection of the eligible patients for sperm retrieval using molecular biology diagnosis, (iii) identification of the affected men that might benefit of interventions prior to sperm retrieval, (iv) application of the best method to surgically retrieve testicular spermatozoa, and (v) use of state-of-the-art IVF techniques.
